PR toxin and eremofortin C are secondary metabolites of Penicillium roqueforti. The chemical structures of these two compounds are closely related to each other and differ only by an aldehyde and an alcohol group at the C-12 position. In an effort to better understand the biosynthesis of PR toxin, we discovered the enzyme of P. roqueforti that is responsible for the transformation of eremofortin C to PR toxin. The maximum activity of the enzyme in the culture medium was found to occur on day 13, which corresponded to the maximal production of PR toxin in the medium. The enzyme was isolated and purified from the culture medium and the mycelium of the fungus, respectively, through a procedure involving ammonium sulfate fractionation and DEAE-cellulose chromatography. The specific activity increased 20-and 8-fold, respectively, and the yield was 33.3 and 21.6%, respectively, for the enzyme from the medium and mycelium. The optimal pH for the enzyme reaction was ca. pH 5.6. The enzyme reaction was temperature dependent. The rates followed a linear time course when it catalyzed the transformation at 30°C and decayed with time when reacted at higher temperatures. At 100°C, the enzyme activity was completely lost. The K. and Vmax of the enzyme as determined at 30°C were 0.02 mM and 4.0 ,umol/min per mg, respectively. The molecular weight of the enzyme was estimated by gel filtration on a high-pressure liquid chromatography I-250 protein column to be ca. 40,000.
PR toxin and eremofortin C (EC) are fungal metabolites produced by certain strains of Penicillium roqueforti, including those used in the ripening of French Roquefort cheese (13, 15) . The chemical structures and interconversion of these two compounds have been previously established (7, 15) . PR toxin has been shown to be lethal to animals by either oral administration or intraperitoneal injection (3, 16, 17) . It exhibits a broad spectrum of biochemical activities which directly or indirectly cause toxicities in animals (10) (11) (12) (16) (17) (18) . In contrast, EC does not show significant toxicity to animals (2, 12) . The chemical structures of PR toxin and EC have been shown to differ only by an aldehyde (PR toxin) and an alcohol group (EC) at the C-12 position (7, 12, 16) . This and other findings have suggested that the aldehyde group of PR toxin is directly involved in the biological and biochemical activities of the toxin. In an earlier study of PR toxin production, Wei and co-workers (14, 16) found that PR toxin and another compound, designated as EC in a later study, are produced concomitantly. Moreau et al. (8) further investigated the metabolite production of P. roqueforti by high-pressure liquid chromatography (HPLC) and found that the peak amount of EC occurs earlier than that of PR toxin, and the decrease in the amount of EC is always associated with a rapid increase in PR toxin production. These authors have thus suggested that EC is the direct precursor of PR toxin and that the enzymes responsible for such a transformation are alcohol dehydrogenases produced by the P. roqueforti cell. However, since then no further information about the enzyme has been available in the literature. In a continuing effort to elucidate the biosynthetic pathway of PR toxin, we discovered the enzyme in the culture medium that had been grown with the fungus and in the mycelium of the fungus. In this paper, we wish to report the isolation, purification, and partial characterization of this enzyme. * Corresponding author.
MATERIALS AND METHODS
Preparation of EC and PR toxin standards. PR toxin and EC were isolated from the culture medium of P. roqueforti by chloroform extraction and further purified by methods described previously (7, 17 8.0). The solution was desalted by dialysis overnight against 1.5 liters of the same buffer at 4°C with one change of the buffer. The dialysate was applied onto a DEAE-cellulose column (3.5 by 9.0 cm) which had been equilibrated with 10 mM Tris-hydrochloride buffer (pH 8.0). After washing with 2 bed volumes of the column buffer, the column was eluted with a stepwise gradient of 140 ml each of 50, 100, 200, and 500 mM NaCl in 10 mM Tris-hydrochloride buffer (pH 8.0). The fractions containing the enzyme activity were pooled and further purified by gel filtration on a Waters HPLC 1-250 protein column in case higher purity was needed. On the other hand, 250 g of the mycelium was washed thrice with 0.85% saline water and frozen at -70°C overnight. The frozen mycelium was disrupted by grinding with the aid of SiO2 powder and suspended in 550 ml of 10 mM Tris-hydrochloride buffer (pH 8.0). The suspension was centrifuged at 1,000 x g for 15 min, and the pellet was discarded. A small portion of the supernatant was dialyzed and assayed for enzyme activity, and the rest was subjected to 70% ammonium sulfate precipitation. The pellet obtained from centrifugation was dissolved in 60 ml of 10 mM Tris-hydrochloride buffer (pH 8.0) and dialyzed overnight against the same buffer. The dialysate was chromatographed onto a DEAEcellulose column as described above.
Assay of transforming enzyme activity. The transformation activity of the enzyme was determined by HPLC analysis of the amount of EC that was converted to PR toxin by a suitable amount of the enzyme. The assay mixture, in a total volume of 9.5 ml, contained 0.25 M sucrose, 0.5 mM MgCl2, and 10 mM phosphate buffer (pH 5.6). After incubation at 30°C for 5 min, the assay mixture was supplemented with 3.1 p,mol of EC (dissolved in 45 RI of methanol) and 0.5 ml of the enzyme solution. The reaction proceeded at 30°C for 10 min and was then terminated by the addition of 10 ml of cold chloroform. After thorough mixing, the chloroform layer was collected and evaporated at 45°C under a gentle stream of N2 gas. The sample was then dissolved in 1 ml of chloroform, and a portion of 10 ,ul was injected into an HPLC ,uPorasil column for the measurement of the amount of PR toxin that was converted from EC by the enzyme. A control experiment was performed by the same procedure, except that no enzyme was added to the assay mixture, and another control was done with the same assay mixture containing an identical amount of the enzyme but without the addition of EC. These two controls were made to ensure that the PR toxin detected in the assay mixture after the enzyme reaction was indeed converted from EC. One unit of the enzyme activity was defined as the amount of enzyme that catalyzed the transformation of 1 ,umol of EC to PR toxin per min under the assay condition. Specific activity was defined as the amount of enzyme activity per milligram of protein.
Effects of pH and temperature on enzyme activity. To determine the optimal pH for the enzyme reaction, we assayed the transformation activity of the purified enzyme at 30°C in the assay mixture made at different pHs by using the following buffer systems: potassium chloride-hydrochloric acid, pH 2.0; sodium citrate, pH 3.4; sodium phosphate, pH 5.6 and 7.0; and Tris-hydrochloride, pH 8.0 and 10.0. The other assay conditions and procedures were the same as described above.
The effect of temperature on the enzyme activity was studied by the measurement of the transformation activity of the purified enzyme at 30, 40, 60, 70, and 100°C. The enzyme reaction at each temperature proceeded for 2, 5, 10, and 20 min.
Kinetic properties of the enzyme. The kinetic properties of the enzyme were studied by the determination of the enzyme activity at 30°C with a series of different concentrations of the substrate in the assay mixture as described above.
Molecular weight determination. The enzyme as purified from the DEAE-cellulose column was injected into an HPLC 1-250 protein column for the analysis of purity. The peak fraction that contained the enzyme activity was collected and reinjected into the same column for molecular weight determination. The 1-250 column was equilibrated with 50 mM sodium phosphate buffer (pH 6.8) and eluted with the same buffer at a flow rate of 1.0 ml/min after the injection of sample. Human serum albumin (67,000), ovalbumin (43,000), chymotrypsinogen A (25,700), and cytochrome c (12, 400) were used as standards. Protein concentration was determined by the Lowry method (6), with bovine serum albumin as the standard (absorbance at 280 nm = 6.6 for 1% solution). RESULTS When EC was incubated in the buffer solutiop containing the dialysate of the culture medium that had been grown with P. roqueforti, a new product, PR toxin, gradually appeared, and the amount of EC decreased (Fig. 1) . These results indicate that the culture medium contains the enzyme system that is responsible for the transformation of EC to PR toxin. A similar finding was observed for the crude extract of the mycelium of P. roqueforti. When we examined the the same when assayed at buffer concentrations of 10 to 200 mM. These findings indicate that the enzyme reaction is not affected by either the type or the ionic strength of the buffers.
To determine the optimal reaction temperature for the enzyme reaction, we measured the enzyme activity at pH 5.6 over the temperature range of 30 to 100°C. 400C, but bent sharply at 600C after 10 mm of reaction. Only ormation was carried out by the addition of 1.0 ml of culture a very small fraction of the activity remained at 70°C, and n dialysate to 9.0 ml of the assay mixture, and the activity the enzyme was completely denatured at 100°C. ,sayed as described in the text.
Kinetic properties of the enzyme were studied by assaying the activity at various concentrations of the substrate. The results showed that the enzyme was gradually saturated at ty profile of the enzyme in the culture medium during substrate concentrations above 0.03 mM and completely owth period of the fungus, we found the maximum saturated at 0.3 mM (Fig. 6) . The Lineweaver-Burk doublety on day 13 of the culture (Fig. 2) . Thus, on this day reciprocal plot of the data revealed that the Km and Vmax of rvested both the culture medium and the mycelium for the enzyme were 0.02 mM and 4.0 ,umol/min per mg, olation of the transforming enzyme. The purification respectively. dures are summarized in Tables 1 and 2 . At 70%
When the purified enzyme obtained from the DEAE-celtion, ammonium sulfate precipitated ca. 77 and 54% of lulose column was subjected to gel filtration on an HPLC zyme activity from the culture medium dialysate and 1-250 protein column, three major peaks were observed in extract of the mycelium, respectively. After dialysis of the elution profile (Fig. 7, peaks b to d) . Ca. 90% of the ecipitate, the enzyme solution was further purified by enzyme activity was located in only one peak (peak b). 7-cellulose column chromatography. The purity of the When the peak b fraction was injected ipto the I-250 protein ies from the two sources \were increased 20-and column, we found in the elution profile that peak b was still and the yields were 33.3 'apd 21.6%, respectively. The contaminated with some peak c proteins (Fig. 7 , lower n profile of the DEAE-cellulose column for the purifitrace). Since only the peak b fraction showed transformation cation ot tne enzyme trom tne meutum was simitar to tnat tor the mycelium (Fig. 3) . In both cases, the enzyme activity started to appear and was completely eluted from the column at the salt concentration of 100 mM NaCl. The optimal pH for the transformation reaction of the enzyme was studied over a pH range of 2.0 to 10.0. The reaction pH profile of the enzyme from the culture medium was found to be identical to that of the enzyme from the mycelium. The optimal pH was found to be at pH 5.6 (Fig.  4) . A sharp decrease in the enzyme activity was observed at pH 2.0 and 10.0. When the enzyme was assayed with various buffer systems, including phosphate, citrate, acetate, and succinate buffers (all at pH 5.6), we found no significant difference in the transforming activity of the enzyme. Furthermore, we found that the enzyme activity was essentially (17) , it has been of great interest to mycotoxin investigators to elucidate the biosynthetic pathway of the toxin and other related secondary metabolites (7) (8) (9) 12) . In an earlier time course study, we found that there is an intimate relationship between the production of EC and PR toxin (16) . The later studies by Moreau and co-workers (7-9) have further shown that EC is produced by P. roqueforti earlier than PR toxin and that the decrease in the amount of EC in the culture medium is always associated with an increase in PR toxin production. These findings, together with the other evidence that the two compounds bear very similar chemical structures (7, 15) and are easily transformed between each other (7), have lead Moreau et al. (8) Effect of pH on the enzyme activity. The reaction was the enzyme from the culture medium and the mycelium of y the addition of 0.5 ml of purified enzyme to 9.5 ml of the fungus. As shown in Fig. 1 , the culture medium that had ture in 10 mM of the various buffers with different pH been grown with P. roqueforti contained the enzyme that e buffer systems were as follows: potassium chloride-hycatalyzed a time-dependent transformation of EC to PR acid, pH 2.0; sodium citrate, pH 3.4; sodium phosphate, toxin. The time course of the production of the enzyme ( 2) correlated well with that of PR toxin production in the culture medium (8, 14) . The crude extract of the mycelium also exhibited the same enzyme activity. The control that wnd no other peaks exhibited significant amounts of lacked the enzyme from either source failed to show any we were able to designate the peak b protein as the transformation of EC to PR toxin. The dialysate of thẽ ing enzyme. By comparing the elution volume of culture medium was found to contain no EC or PR toxin.
,ith those of the protein standards, we have deterThese observations clearly indicate that there exists in the e molecular weight of the enzyme to be ca. 40,000.
culture medium an enzyme that is responsible for the transformation of EC to PR toxin in the reaction mixture. Moreover, we found that the enzyme started to appear in the culture medium on day 7, reached a maximum on day 13, and gradually decreased thereafter (Fig. 2) .
We then purified the enzyme from the culture medium and the mycelium by 70% ammonium sulfate fractionation and DEAE-cellulose column chromatography, respectively (Tables 1 and 2). Before purification, the culture medium contained ca. 70% of the total enzyme activity of P. roqueforti and exhibited much higher specific activity (ca. 40-fold) as compared with that of the mycelium. This observation and the report of Moreau et al. (8) that EC and PR toxin levels in the mycelium are very low suggest that the enzyme is mostly secreted into the medium from P. roqueforti and catalyzed most, if not all, transformations of EC to PR toxin in the medium. On the other hand, since there were fewer proteins in the culture medium than in the mycelium, the specific activity of the enzyme from the medium was always much higher either before or after purification.
The optimal pH for the enzyme reaction was ca. 5.6 (Fig.  4) , which was similar to the pH value of the culture medium when the peak amount of PR toxin occurred (8, 14) . Ca. 80% of the enzyme activity remained at pH 3.4 and 8.0, but the activity decreased significantly at the extremes of pH 2.0 and 10.0. These results indicate that the production of PR toxin is highly dependent on the pH of the environment in which C ENZYME ACTIVITY (xO13 UNITS/i1) the fungus is grown. However, the transforming activity of the enzyme is not sensitive to either the ionic strength or the type of the buffer systems used for the assay. On the other hand, we found that the transformation activity of the enzyme was temperature dependent (Fig. 5) . At 30°C, the enzyme reaction followed a linear time course, but the activity decayed with time when assayed at higher temperatures.
The enzyme as purified from a DEAE-cellulose column was found to be still contaminated with other proteins. There were three major protein peaks when the enzyme was analyzed on an HPLC I-250 protein column, but only one showed significant transformation activity (Fig. 7) . The molecular weight of this major peak gave an apparent molecular weight of ca. 40,000. Since gel filtration of proteins on the 1-250 protein column and the like has been pointed out to be influenced by factors other than size (4), the real molecular weight of the enzyme should be reexamined by other methods.
Since the transformation of EC to PR toxin requires the removal of two hydrogen atoms at position C-12 of the EC molecule (Fig. 8) , the transforming enzyme must be either an alcohol dehydrogenase or an oxidase. Moreau et al. (8) proposed that the transforming enzyme is an alcohol dehydrogenase. However, in this study, we found that the enzyme does not require NAD+ or NADP+ as the cofactor to catalyze the transformation. By using the coupling assay in the presence of peroxidase and 4-aminoantipyrine plus phenol, we were able to determine the oxidase activity of the enzyme (1) . The oxidase activity was found to be dose dependent and correlated very well with the transforming activity of the enzyme (data not shown). In addition, the enzyme was found to be mostly secreted into the medium in a time-dependent manner (Fig. 2) . It has been known for some time that some species of Penicillium are able to secrete oxidizing enzymes from the mycelium of the fungus to the culture medium (5). This information, together with our findings, suggests that the transforming enzyme is an oxidase. More detailed biochemical and biophysical properties are currently under investigation in our laboratory. 
